Multireference configuration interaction ͑MRCI͒ calculations have been performed for pyrrole with the aim of providing an explanation for the experimentally observed photochemical deactivation processes. Potential energy curves and minima on the crossing seam were determined using the analytic MRCI gradient and nonadiabatic coupling features of the COLUMBUS program system. A new deactivation mechanism based on an out-of-plane ring deformation is presented. This mechanism directly couples the charge transfer 1 * and ground states. It may be responsible for more than 50% of the observed photofragments of * -excited pyrrole. The ring deformation mechanism should act complementary to the previously proposed NH-stretching mechanism, thus offering a more complete interpretation of the pyrrole photodynamics.
I. INTRODUCTION
Pyrrole is a prototype of heteroatomic aromatic compounds and, for this reason, has been under intense experimental and theoretical scrutiny, largely focused on its UV absorption spectrum [1] [2] [3] [4] [5] [6] [7] [8] [9] and its photodynamics. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In particular, the deactivation of photoexcited pyrrole could serve as a model for photodynamical processes of heteroatomic aromatic systems whose * ͑-3s Rydberg͒ transition energy is lower than that of the * state. 11 Sobolewsky et al. 11 have proposed that the deactivation of photoexcited pyrrole and other related compounds occurs through ultrafast internal conversion from the 1 * states to the S 0 ground state by means of NH stretching modes. Vallet and co-workers 12, 13 subsequently have performed detailed analysis of this dissociation path by means of wave packet dynamics simulations and have shown how the reaction rate and the branching ratio of the dissociation channels should behave as function of the electronic excitation and of the activation of particular vibrational modes. Experimental results 10, [14] [15] [16] [17] have indicated that the NH-stretching mechanism seems to be responsible for an important fraction of the total deactivation process. 15 However, it cannot fully explain the photodynamics of pyrrole, as will be discussed below.
Despite the fact that the S 0 → 1 * transitions have small oscillator strengths, the 1 -3s͑ * ͒ states can be directly populated due to vibronic coupling with the 1 * states. 16, 18 Even in the case that pyrrole is excited into one of the 1 * states, the 1 * state has been supposed to become populated 13, 15 by means of conversion between these states, thus leading to the activation of the NH-stretching mechanism.
Photofragment spectroscopic investigations have been performed by exciting pyrrole-h 1 ͑Refs. 10 and 15͒ and pyrrole-d 1 ͑Ref. 15͒ into the 1 B 2 * band ͓193 nm ͑Ref. 10͒ and 217 nm ͑Ref. 15͔͒ and into the 1 A 2 -3s͑ * ͒ band ͓248 nm ͑Ref. 10͒ and 243 nm ͑Refs. 15-17͔͒. These experiments gave valuable information concerning the pyrrole photodynamics. A survey of the results is depicted in the qualitative schemes shown in Figs. 1͑a͒ and 1͑b͒, which present the fraction of the main observed fragments after pyrrole dissociation following the photoexcitation into the 1 * and 1 * bands, respectively. One of the main features that calls for attention in Fig. 1 is the large amount of HCN and CNH 2 fragments resulting from 1 * and 1 * excitations, respectively. These processes can hardly be attributed to the NHstretching path and indicate that also additional deactivation mechanisms are required for their explanation. It should be noted in Fig. 1͑b͒ that the fraction of CNH 2 fragments corresponds to that obtained with 243 nm wavelength. atom detachment from pyrrole should arise from the nonadiabatic deactivation along the NH-stretching path. Lippert et al. 16 claimed that the slow H atoms are produced by internal conversion occurring in the * / S 0 conical intersection, but now with pyrrole returning to the hot ground state first and only dissociating after vibrational energy redistribution. On the other hand, Vallet et al. 13 suggested that the source of slow H atoms might be a direct dissociation process following the adiabatic limit of the H-detachment potential energy curves. It is likely that both processes are present to some extent during the photodynamics. It is important to emphasize that experiments 15 also show that there is a significant difference regarding the production of slow H atoms after 1 * or 1 * excitation: in the 1 * -excitation case the probability of obtaining slow H atoms arising from either NH or CH bonds is the same. In contrast in the 1 * -excitation case there is a clear tendency towards the NH bond cleavage ͑see Fig. 1͒ . To reiterate, this is a strong indication that another process is competing with the NHstretching path, particularly if the initially excited state is the 1 * one.
To the best of our knowledge, all discussions of the photodeactivation of pyrrole have been restricted to the NHstretching mechanism. In the present contribution, we propose a new deactivation process that involves the out-ofplane ring deformation. This new mechanism directly brings pyrrole to a conical intersection between the 1 * state and the ground state. It appears that this mechanism is responsible for the ring opening reaction. We have also performed a systematic investigation of the crossings between the two * states, the two * states, and the ground state in order to shed more light on the pyrrole photodynamics.
II. COMPUTATIONAL DETAILS
State-averaged multiconfiguration self-consistent field ͑SA-MCSCF͒ and multireference configuration interaction with singles and doubles ͑MR-CISD͒ calculations were carried out in order to determine vertical excitation energies for two valence 1 * and two Rydberg 1 -3s states of pyrrole. In the SA-MCSCF calculations equal weights were used for all states.
As a first step, ground state optimization of pyrrole was performed by using the density functional theory with the B3LYP functional and the 6-311+ G͑d͒Ј basis set. The prime signifies that only the 6-31G basis set was used at the hydrogen atoms. 20 The complete active space ͑CAS͒ used for vertical excitation calculations consisted of five orbitals ͑1b 1 , 2b 1 , 3b 1 , 1a 2 , and 2a 2 ͒ and six electrons ͓CAS͑6,5͔͒. For the calculations of valence and Rydberg states, the CAS͑6,5͒ was augmented by one auxiliary ͑AUX͒ orbital representing either the 3s Rydberg orbital ͑10a 1 ͒ or the 3p x orbital ͑4b 1 ͒. Only single excitations were allowed from the CAS to the AUX space. This space was used in the SA-MCSCF calculations as well as in the MR-CISD calculations as reference space. The symmetry of the reference configurations was restricted to the state symmetry and the interacting space restriction 21 was applied. The five core orbitals were always kept frozen in the post-MCSCF calculations. Size-extensivity corrections were taken into account by means of the extended Davidson correction [22] [23] [24] and will be denoted by +Q. The final expansion space in terms of configuration state functions ͑CSFs͒ for the MR-CISD calculations consisted of the reference configurations and those obtained by all single and double excitations thereof into all internal and external orbitals.
Taking into account the states of interest ͑ground state, two valence 1 * states, and two Rydberg 1 -3s states͒, the state averaging was performed over five states. Subsequent MR-CISD calculations will be denoted as MR-CISD/ SA-5-CAS͑6,5͒ + AUX͑1͒. A d-aug-cc-pVDZ ͑Refs. 25 and 26͒ basis was employed in order to take into account the diffuse nature of the 3s Rydberg orbital. All vertical excitation calculations were carried out under C 2 symmetry.
Stationary points and minima on the crossing seam ͑MXS͒ were optimized by means of the analytic multireference configuration interaction ͑MRCI͒ procedures for energy gradients 24, 27, 28 and nonadiabatic coupling vectors 29, 30 as implemented in the COLUMBUS program package. The * / S 0 and * / * crossings were optimized at the MRCI/ SA-3-CAS͑6,5͒ / 6-31G͑d͒ level. The use of the reduced space and basis set is justified by the fact that for these distorted geometries the Rydberg states are much higher than the relevant valence states. For the * / S 0 and * / * MXS search, the * orbital was included in the active space and the MRCI/ SA-3-CAS͑6,6͒ / 6-31G͑d͒ level was employed. In the case of the * / * crossings, the MRCI/ SA-3-CAS͑6,6͒ / 6-31+ + G͑d͒ and the MRCI/ SA-5 -CAS͑6,6͒ / 6-31G͑d͒ + levels of theory were used ͑the + sign indicates that diffuse s functions were added only to the N atom and to the H atom attached to it͒.
Potential energy curves were also computed in order to determine the pyrrole deactivation paths. For the NHstretching path, the NH bond distance was increased in intervals of 0.2 Å starting from the equilibrium structure ͑NH = 1.0 Å͒ up to a N-H distance of 2.6 Å. For the ring deformation path, geometries were generated by linear interpolation of internal coordinates ͑LIIC͒ between the planar ground state structure and the ring-deformed MXS. At each point, the ground state, two 1 * , and two 1 * excited states were calculated. Two sets of CAS were considered in the calculation of the deactivation paths. For the calculation of 1 * states, the same CAS͑6,5͒ as described above was used. In this case, the state averaging did not include the two * states, but encompassed three valence states ͑two 1 A 1 and one 1 B 2 ͒ instead. Subsequently, MR-CISD calculations were performed, which in turn will be denoted as MR-CISD + Q / SA-3-CAS͑6,5͒. The NH-stretching path calculations were carried out under C 2 symmetry restriction and the basis set used was the d-aug-cc-pVDZ one, employed also in the vertical excitation calculations. On the other hand, ringdeformed path calculations were performed without any symmetry restriction and a smaller basis set, 6-31G͑d͒, 31 was used.
In the calculations of the 1 * states, the CAS consisted of one orbital, two orbitals, one * orbital, and one * orbital ͑9a 1 , 2b 1 , 1a 2 , 2a 2 , and 10a 1 given in the same order͒, which is denoted as CAS͑6,5͒. State averaging was performed over three states ͑ 1 A 1 , 1 B 2 , and 1 A 2 ͒ which represent the ground state and two Rydberg states, respectively. MR-CISD calculations were carried out using the state-averaged orbitals as described above. They will be denoted as MR-CISD/SA-3-CAS͑6,5͒. For the NH-stretching path, the 6 -311+ G͑d͒Ј basis set 32 was used ͑the prime indicates that p orbitals were deleted from the set of diffuse functions͒. For the ring-deformed path, the 6-31G͑d͒ + basis set was used. All MRCI and CASSCF calculations were performed with the COLUMBUS program package. [33] [34] [35] [36] Atomic integrals were computed with the DALTON program.
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III. RESULTS AND DISCUSSION
A. Vertical excitation energies
The characterization of the absorption band of pyrrole is highly controversial [3] [4] [5] and has been a matter of discussion for a long time. From the theoretical point of view, the most serious problem is the calculation of the 1 B 2 * transition with its strong valence/Rydberg mixing. CASPT2 results 2, 3, 9 predict this transition to be within the range of 5.8-6.0 eV. CASSCF results give clearly too high excitation energies lying at about 8 -9 eV. A large variety of other theoretical methods, which includes MRCI, 1,5 equation-of-motion coupled cluster ͑EOM-CC͒ method, 3 symmetry adapted cluster configuration interaction ͑SAC-CI͒, 5 coupled-cluster methods ͑up to CC3͒, 4 and time-dependent density functional theory 5 ͑TD-DFT͒ have predicted the 1 B 2 * transition to be in the range of 6.4-6.8 eV.
Although the characterization of the vertical spectrum of pyrrole is not the main goal of this study, we shall briefly discuss our results without going into details. In Table I , vertical excitation energies for selected states of pyrrole are given as obtained by the MR-CISD+ Q / SA-5-CAS͑6,5͒ + AUX͑1͒ / d-aug-cc-pVDZ level of theory. Essentially, the present results agree with those which predicted the 1 B 2 * transition in the 6.4-6.8 eV range. We should mention that the use of diffuse functions as they occur in the d-augmented basis sets is pivotal. Without them, the 1 B 2 * state is almost 1 eV higher than the value given in Table I , even considering that much larger reference spaces are used.
B. Deactivation mechanisms of pyrrole
As has been discussed in detail before ͑see, e.g., Ref. 13 and references therein͒, after excitation to the 1 -3s͑ * ͒ state, pyrrole can return to the ground state through intersections between the 1 * state and the ground state along the NH-stretching path ͑Fig. 2͒. However, in the attempt to explain the deactivation of pyrrole upon excitation to the 1 * Fig. 2͒ and other modes need to be activated in order to couple these two states. The out-of-plane motion of the hydrogen atoms ͑keeping the ring planar͒ is able to provide such coupling leading to the MXS shown in Fig. 3͑b͒ ͑see also Table II͒ . The out-of-plane deformation of the ring is also able to lead to an intersection of these states as a consequence of the stabilization of the 1 * state and the simultaneous destabilization of the 1 * state ͑see below͒.
The out-of-plane deformation of six-membered rings has been shown to promote a crossing of a biradical state possessing character and the ground state. [38] [39] [40] These crossings can be rationalized in Ref. 39 in terms of torsional motions around adjacent bonds, thus leading to configurations similar to that of twisted polar bonds of substituted ethylenes. [39] [40] [41] [42] In order to check whether this kind of out-ofplane deformation may also give rise to crossings in fivemembered rings such as pyrrole, we have performed S 1 / S 0 MXS searches starting from a deformed ring structure. Although such crossing was found ͓see Fig. 3͑a͒ and Table II͔ it is surprising that the out-of-plane ring-deformed conical intersection in pyrrole do not resemble at all those of the aforementioned twisted substituted ethylenes. Instead, they resemble the stretched-bipyramidalized conical intersections, which are known to take place in these systems.
The results obtained from nonadiabatic semiclassical dynamics have shown that upon 1 * excitation both methaniminium cation ͑CH 2 NH 2 + ͒ ͑Ref. 41͒ as well as silaethylene ͑CH 2 SiH 2 ͒, 43 return to the ground state quite frequently through conical intersections, whose main geometric features are characterized by a strong elongation along the main axis accompanied by simultaneous pyramidalization of both XH 2 groups. As Fig. 3͑a͒ shows, the ring-deformed MXS of pyrrole exhibits exactly the same features.
As a prerequisite for the ring-deformed MXS to represent an available channel in pyrrole deactivation, the existence of a barrierless path connecting the * state at the initial planar structure with the ring-deformed MXS geometry is necessary. Since there is no single internal coordinate or some small subset of internal coordinates that could be used for this purpose, we have generated a deactivation path by means of LIIC, given by Q n = Q planar + n͑Q MXS − Q planar ͒/10 ͑n = 0,10͒, where Q planar and Q MXS are the internal coordinates of the ground state equilibrium geometry of the ring-deformed MXS, respectively. Note that, in general, the LIIC path is not the minimum energy path and that it will tend to overestimate any existing barriers.
The LIIC deactivation path is shown in Fig. 4 . The most striking feature is the direct and barrierless connection between the 1 B 2 * state and the conical intersection. At about the point n = 3 the B 2 -like state crosses the A 1 -like * state. In the second half of the pathway, the orbitals located at the C and N atoms ͑in the extremes of the elongation͒ decouple due to the strong out-of-plane ring deformation and the state acquires a biradical character. The A 1 -like/ B 2 -like crossing and the small barrier ͑0.05 eV͒ along this path also imply that in case of initial excitation to the 1 A 1 * state pyrrole can deactivate through this conical intersection, whose MXS is shown in Fig. 3͑c͒ ͑see also Table II͒. Along the LIIC path, both -3s states are destabilized, crossing the 1 * states around points n = 2, 3, and 5. The search for the MXS between the B 2 -like and A 2 -like ͑ * / * ͒ states starting at the point n = 5 resulted in the structure shown in Fig. 3͑d͒ . On the other hand, the search for the A 1 -like/B 1 -like and B 2 -like/B 1 -like MXSs ͑both * / * ͒ starting at n = 2 has led to the planar-ring structure shown in Fig. 3͑b͒ . It is worthwhile to note that the MXS shown in Fig. 3͑b͒ was optimized only at CASSCF level. All attempts of optimizing it at MRCI level resulted in the * / * MXS shown in Fig. 3͑e͒ . If pyrrole is photoexcitated to the 1 * state, then the deactivation through the ring-deformed conical intersection is probably not the most important channel, since the repulsive character of the 1 * state along the NH detachment should dominate the photodynamics. As discussed in the Introduction, the experimental results of Blank et al. 10 ͑Fig. 1͒ do not show any evidence of heavy fragments ͑HCN , CNH 2 ͒ at 248 nm. However, observation of the CNH 2 fragments reported by van den Brom et al. 17 ͓Fig. 1͑b͔͒ indicates that the ring deformation process might play a role in the photodynamics after 1 * excitation. In principle, H atoms can be expelled from hot pyrrole by cleavage of CH or NH bonds after the internal conversion at the * / S 0 intersection without any preference toward one or the other bond. Since the ring deformation is activated mainly after 1 * excitation, this would explain the observed differences in the slow H atom production by the 1 * and 1 * excitations. 15 In the latter case, the process should be dominated by the NH-stretching path as proposed by Lippert et al. 16 or by Vallet et al.
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The out-of-plane ring deformation mechanism, which leads to a ring opening by cleavage of one of the CN bonds, can also be the source of the dissociation processes • CH 2 CHCH
• +HCN ͓Fig. 1͑a͔͒ ͑Ref. 15͒ and C 3 H 3 +CNH 2 ͓Fig. 1͑b͔͒, 17 originating from the • NCHCHCHCH 2 • ͑Ref.
10͒ and NHCHCHCHCH
• open-chain radicals, respectively. It would be premature to speculate about ring deformation as the process that gives rise to cyclopropene+ HCN fragments ͓Fig. 1͑a͔͒. However, it is conceivable that cyclopropene might be a result of the cyclization of the hot
• CH 2 CHCH
• radical.
C. The photodynamics of pyrrole
Having discussed the deactivation mechanisms in the previous section, we are ready to draw a more complete picture of the photodynamics of pyrrole. After a low-energy excitation into the 1 -3s͑ * ͒ ͑ 1 A 2 ͒ band ͑248 nm͒, the NHstretching mechanism should dominate the photodynamics ͑path a in Fig. 5͒ . Vallet et al. 13 have shown that the wave packet is trapped in the well of the -3s state when the system is in the ground vibrational level of the NH bond. It can escape primarily by a tunneling mechanism ͑Fig. 5, b͒, which would eliminate the possibility of ultrafast dynamics. After the wave packet reaches a region of energy crossing with the ground state, a fraction of it directly dissociates to fast H + pyrrolyl ͑C 4 H 4 N
• ͒ ͓see Fig. 5 , c͔, while another fraction goes to a hot ground state and dissociate in slow H + pyrrolyl, but only after some vibrational energy redistribution 16 ͑Fig. 5, d͒. Vallet et al. 13 have also shown that the vibrational excitation of the NH mode opens the slow H + pyrrolyl dissociation channel in the upper asymptotic limit ͑Fig. 5, e͒.
Following a high-energy excitation into the 1 -3s͑ * ͒ ͑ 1 B 1 or hot 1 A 2 ͒ band ͑243 nm͒, the system has enough energy to overcome the energy barrier created by the crossing between the 1 -3s and the 1 * states at out-of-plane ring deformation ͑Fig. 5, upper panel͒. As a consequence, pyrrole does not only follow the NH-stretching processes that result in H detachment ͑Fig. 5, f-a-g͒, but also follow the ring deformation process ͑Fig. 5, h͒, which creates a new source of slow H atoms ͑Fig. 5, i͒ as well as lead to CNH 2 +C 3 H 3 dissociation ͑Fig. 5, j͒. According to the experimental results of Lippert et al., 16 there are two time scales for the H atom detachment, ϳ100 fs and 1.1 ps. The shorter one may be associated with the slow and fast atom productions via channels e and c, while the longer time scale may be associated with the slow atoms produced by channels d and i.
Finally, in the case of excitation into the 1 * band ͑217 nm͒, ring deformation ͑Fig. 5, k-h͒ and NH-stretching ͑Fig. 5, k-f-a-g͒ processes are feasible. Initial out-of-plane geometry distortion has the double role of triggering both processes. At the * / * crossing, a fraction of the wave packet can switch to the 1 * state thus feeding the NHstretching process. Another fraction continues on the 1 * state and feeds the ring distortion process. As a result, fast H atoms are produced by the NH-stretching mechanism ͑Fig. 5, c͒, slow H atoms by any mechanism ͑Fig. 5, i, d, or e͒, and HCN fragments by the ring deformation mechanism ͑Fig. 5, j͒. If this scenario is confirmed, the ring distortion process would be responsible for all open-ring fragments and also for some fraction of the slow H atoms, thus accounting for more than 50% of the observed photofragments of * -excited pyrrole.
IV. CONCLUSIONS
A new deactivation mechanism based on out-of-plane ring deformation has been presented that could be responsible for more significant amount of the observed photofragments of excited pyrrole. The new mechanism is shown to work complementary to the previously proposed NHstretching mechanism giving, therefore, a more consistent and more complete interpretation of the pyrrole photodynamics. This new interpretation is summarized in the following points:
͑1͒ After excitation to the 15 is an indication that another mechanism is still missing in a full description of the deactivation process. It would be very important for an extended understanding of the pyrrole deactivation process to have available experimental time-dependent results for HCN fragments after excitation to the 1 * state in the same way as they have been obtained for H fragments. 16 It would also be useful to have more complete photofragment-spectroscopic results at 248 nm including heavy fragments. From the theoretical point of view, full dimensional dynamics simulations, which we intend to present in a future contribution, should also provide valuable information.
All calculations have been performed at ab initio MRCI level. Vertical excitation energies were calculated for valence and Rydberg states. Potential energy curves and several minima on the crossing seam were also determined. 
